Abstract. The variety of the ore-forming element concentrations, determined by the geodynamic genesis of metallogenic system, bears strongly random and chaos features. Identifying the characteristics of ore-forming elements is significant for better understanding the ore-forming process and mineral prospecting. In this paper, the technique of phase space reconstruction is applied to study the chaotic characteristics of gold grade series from intensely mineralized drift and barely mineralized drifts in Dayingezhuang Deposit, Jiaodong Gold Province, China. The results show that the largest Lyapunov exponents are above zero, and correlation fractal dimensions are non-integer, showing the chaotic phenomena in the gold enrichment processes. The gold grade series of intensely mineralized drift exhibits stronger chaotic characteristics than the barely mineralized drifts. By quantifying the chaotic characteristics of the ore-forming elements' series of a typical deposit, a new method is provided for the identification of mineralization intensity, and to further determine the theoretical basis and scientific foundation of the extent of deposit concentration and delineation of the target mineralization zone.
Introduction
In geology, mineralization is a natural geo-process that involves the interaction of fluids with rocks in the earth crust in a specific geological environment. Recent studies have shown that the mineralization processes are always complex system occurring in an anomalous environment [1] [2] [3] . Identification of the anomalous extent or the influenced domain of the complex mineralization system is essential for mineral exploration [4, 5] . The metallogenic elements' grade of a deposit in its mineralization zone invariably shows a highly anomalous pattern that is suitable for nonlinear analysis [6, 7] .
In recent years, non-linear study of the geological and geochemical data is mainly focusing on fractal or multifractal. However, the ore-forming process might be better understood through chaotic analysis that belongs to nonlinear deterministic model [7] . Therefore, investigation in the ore-forming process with solid phase and the effect of dynamics has great significance. Chaos theory is an important branch of nonlinear analysis, and is widely applied in the last few decades in a variety of systems, e.g., mechanical, chemical, physical, as well as in social sciences [8] [9] [10] [11] . In particular, chaotic techniques, developed to extract qualitative and quantitative information from time series, have been applied recently to the study of a large variety of irregular, erratic signals and by now have demonstrated to be very useful to reveal deep dynamical features [12] .
In this paper, nonlinear time series modeling techniques were applied to analyze gold grade data. The gold grade data used in this study originated from the Dayingezhuang gold ore deposit of the Jiaodong gold province, China. The main aim of this paper is to investigate the dynamical behavior of gold grade series or the influenced domain of the complex mineralization system. This is because the gold grade's variability may be induced by stress and fluid flow field variability; therefore, the analysis of these induced fluctuations could contribute to more information on mineralization intensity characterizing as well as mechanism's activity.
Materials and Methods

Study Area and Geochemical Data Acqusition
The Dayingezhuang ore deposit is located in the middle segment of the Zhaoping fault zone in Jiaodong gold province, China. The Jiaodong gold province is famous for its gold production, and structure-controlled alteration rock gold deposits formed in the Mesozoic dominate the province, where the pyrite-sericite-quartz altered rock (pay rock) is distributed through the whole mineralized zone. And the gold ore deposit is with 3000m in length, 30m~140m in width; moreover, ore bodies of altered rocks extend like sloping wave in a strike and in trend. The reserves of the Dayingezhuang are more than 100 t, with an estimated annual production greater than 2.6 t [13] [14] [15] .
The data of gold grades are obtained from the continuous channel samples with 1m length on -290m levels in the No. II-1 orebody [16] , and the lengths of data are greater than 100m. The gold orebody described in this study is delimited based on a cutoff grade of 2 g/t.
Based on variation in mineralization density, the drifts are classified into the following types: barely mineralized drifts (BMD), in which the proportion of gold grades is greater than 2 g/t and lower than 20%, and the orebodies are barely developed; intensely mineralized drifts(IMD), in which the proportion of gold grades is greater than 2 g/t and larger than 40%, and the mineralization are very thick.
Phase Space Reconstruction
Given a time series {x i }, where i = 1,2,. . .,N, the phase space can be reconstructed using the method of the standard delay-coordinate embedding. In this higher dimension space, the vectors of phase space reconstruction can be expressed as below:
where τ is the time delay, m is the embedded dimension, i.e. the coordinate number of the phase space, and the constants m, N, M and τ are related as M =N-(m-1) τ. The dynamic properties of systems could be studied by reconstruction of the phase space if m≧2D 2 + 1, where D 2 is the fractal dimension of the system [17] . The reconstructed phase space and original phase space are diffeomorphically equivalent. Therefore, we can investigate the original phase space through studying the reconstructed phase space.
In order to reconstruct the attractor, estimation of the embedding dimension m and the embedding delay τ are essential. The method of autocorrelation function was used for determination of τ as the delay causing the value of (1-1/e) its initial of the autocorrelation function. The embedding dimensions m were estimated using the Grassberger-Procaccia algorithm method proposed by Grassberger [18] , which is suitable for shorter time series.
Correlation Dimension
An significant quantifier used in chaotic analysis is the correlation dimension or saturated correlation dimension, D 2 , which is defined as [19] [19] .
Lyapunov Exponent
Another technique to determine the presence of chaotic behavior is the largest Lyapunov exponent, which measures the divergence of nearby trajectories. As the system evolves, the sum of a series of attractor point values (in each dimension) will converge or diverge. Lyapunov exponents measure the rate of convergence or divergence in each dimension, and a chaotic system will exhibit trajectory divergence in at least one dimension. Thus, a positive Lyapunov exponent is a strong indicator of chaos. It is ensured that the time series has chaos if only the largest Lyapunov exponent larger than zero and it indicate the chaos degree of the system directly.
The method used in calculating the largest Lyapunov exponent is based on averaging the local divergence rates or the local Lyapunov exponents. Rosenstein et al. (1993) proposed a new method to calculate the largest Lyapuno exponent from an observed series, which is little data method. The largest Lyapunov exponent, the definition is:
where Δt is the sample period, k is a constant, d j (i) is the distance of the jth couple nearest position after i time steps pass.
Results and Discussion
In order to reconstruct the original phase space, we first estimate reconstruction parameters, the delay time τ and embedding dimension m. We calculate both the autocorrelation function with time lags of 1-40m, and the cures have dropped to (1-1/e) of its initial value of the autocorrelation function at time lag 2 in series of BMD and 6 in series of IMD (Fig.1) . Subsequently, we calculate the embedding dimensions for our dataset using the Eq.2-Eq.4, m, from 2 to 26. Fig. 3 shows the relationship between the correlation function lnC(r) and the radius lnr for increasing m, whereas the relationship between the correlation exponent values D 2 (m), and the embedding dimension values m, are shown in Fig. 2 . It can be seen that the correlation exponent value increases with the embedding dimension up to a certain value and then saturates beyond that value. The saturation of the correlation exponent beyond a certain embedding dimension value is an indicator of the existence of deterministic dynamics. The saturated correlation dimension is about D 2 = 1.04 and the embedding dimension is m=13 in BMD, and the saturated correlation dimension is about D 2 = 4.87 and the embedding dimension is m=17 in IMD. The finite value of correlation dimension suggests the possible presence of chaotic behavior in the gold grade series. After reconstructing the phase space using suitable values for τ and m, the Lyapunov exponent are estimated using Eq.5. We found that the largest Lyapunov exponents are positive, λ 1 =0.003 and λ 2 =0.115, in the series of BMD and IMD respectively. The calculated positive largest Lyapunov exponents prove that the attractor of the mean delay spread time is a strange attractor which is sensitive to the initial condition. Such sensitivity indicates that the mean delay spread time series of flights has apparent chaos phenomena. Therefore, the problem of gold grade series is of a chaotic system.
By comparing of the chaotic parameters, correlation dimension, embedding dimension and the positive largest Lyapunov exponent, in BMD and IMD, to distinguish the two types of chaiotic degree, we find that the parameters in BMD are lower than in BMD, which indicates that the chaos level of the system is relatively high in IMD, showing the chaotis characteristics of gold grade in the deposit are controlled by the development styles of ore-controlling structure in the immediate footwall of the fault.
In this case, the deposition of ore-forming material is a complex nonlinearity dynamics process. Through all kinds of coupling and feedback processes among the tectonic stress, fluid flow, fluid-rock reaction, minerals deposition at the appropriate site in fault structures at last and then form epithermal deposits with chaotic character.
Conclusions
The chaotic characteristics of the gold grade series at two different mineralized drifts (intensely mineralized drift and barely mineralized drift) in Dayingezhuang Deposit, Jiaodong Gold Province, China, are investigated by the phase space reconstruction technology and chaos theory in this study. The results show that the largest Lyapunov exponents are above zero, and correlation fractal dimensions are non-integer, showing the chaotic characteristics in the gold enrichment processes. The gold grade series of intensely mineralized drift exhibits stronger chaotic characteristics than the barely mineralized drifts, corresponding to decreased correlation dimension and the largest Lyapunov exponents. The ore-forming metallogenic elements in hydro thermal system will deposit at appropriate places through a complex nonlinear feedback effect among structural stress, fluid flow and fluid-rock reaction and result in the fractal and chaotic characteristics of the deposits and grade distribution.
The present investigations, which provide positive evidence regarding the existence of chaotic behavior in metallogenic elements grade series, lead to better understanding of the dynamics of the geology processes. By quantifying the chaotic characteristics of the metallogenic elements grade series of a typical deposit, this study can provide a new method for the identification of mineralization intensity and the theoretical basis and scientific foundation for further determination of the extent of deposit concentration and delineation of the target mineralization zone.
